A proposal for an experimental realization of Bohm s spin-2 particle version of the Einstein-Podolsky-Rosen experiment is described. Two ' Hg atoms, each with nuclear spin 2, are produced in an entangled state with total nuclear spin zero. Such a state is obtained by dissociation of dimers of the ' Hg2 isotopomer using a spectroscopically selective stimulated Raman process. The measurement of nuclear spin correlations between the two atoms in this entangled state is achieved by detection of the atoms using a spin state selective two-photon excitation-ionization scheme. The experiment will not only close the detector efficiency loophole, but in addition will permit enforcement of the locality condition. PACS number(s): 03.65.8z; 32.80.Fb 
I. INTRODUCTION
In the early years of the development of quantum mechanics (QM), there was great exhilaration because of its capability of providing accurate statistical predictions. However, in those early days (and even today) there were many who expressed a great deal of concern about the interpretation of quantum mechanics for single microscopic systems.
Foremost among them was Albert Einstein, who together with Boris Podolsky and Nathan Rosen (generally referred to as EPR) wrote a paper in 1935 in which they expressed their concern that quantum mechanics was an incomplete theory [1] .Presumably, additional parameters, for which the term "hidden variables" (HV) was coined, would be required in order to restore completeness to the theory. However, since the results of experiments are statistical data, no experiments were immediately obvious and the debate centered on philosophical considerations until 1964 .
In that year John Bell published the proof that any hiddenvariable theory satisfying a physically reasonable condition of locality will yield statistical predictions that must satisfy restrictions for certain correlated phenomena [2] . These [3] . Several, involving polarization correlations between two photons in an atomic cascade, were then initiated [4] . The first [5] , third [6] , and fourth [7, 8] Aspect , Grangier, and Roger used two channel polarizers and achieved extremely high statistical accuracy [9] .
Shortly thereafter, they used time-varying analyzers to change the polarizer settings in a quasiperiodic way [10] .
This did not rigorously enforce the locality condition, but was an important advance and has been the only successful progress in this direction. Experiments in recent years have involved correlations between the pair of photons produced by down-conversion in a nonlinear crystal [11 -13] .
All of these experiments required an auxiliary assumption since they involved photons in or near the visible spectrum and employed detectors whose efficiencies were typically (20%. An inequality that requires no auxiliary assumptions and is therefore called a strong Bell inequality was obtained by Clauser and Horne in 1974 [4, 14] ; it is especially important because it is formulated in terms consistent with a physically realizable experiment. However, the quantummechanical predictions will only violate this inequality for very high detector efficiencies. Strong Bell inequalities have not yet been tested experimentally.
The advent of solid-state avalanche photodiodes provides a high detection efficiency that could be sufficient for tests of strong Bell inequalities with photons in or near the visible.
Such an experiment has been recently described by Kwiat et al. [15] .
In this paper we will describe a different type of experimental test of a strong Bell inequality. This experiment also permits enforcement of the locality condition. We will first give a short overview of the experimental concept, then we will briefly discuss the theoretical background, and finally we will present some of the requisite experimental details.
II. EXPERIMENTAL OVERVIEW
An overview of the experiment is shown in Fig. 1 . Instead of photon pairs, this experiment involves measurements of the correlations between angular-momentum components of two atoms (nuclei) of the isotope ' Hg [16, 17] . The correlated ' Hg atoms are produced by dissociation of ' Hg2 dimers via stimulated Raman excitation to a dissociating state of their X'X ground state. The total electron and the total nuclear spin angular momenta are both zero in the initial rotational state of the mercury dimers, and are not 1050-2947/95/52 (6) 
where, for simplicity, we have taken yi = y2= p.
The strong Bell-Clauser-Horne (BCH) inequality requires no auxiliary assumptions and is formulated in terms of the ratio of coincidence rates to singles rates [4, 14] . Since it requires very efficient detectors, it has never been tested. In the present context, the BCH inequality is
SgM(135', 0', 225', 90') = 1.207 gg.
To observe a violation of the inequality equation (14) , the right-hand side of Eq. (15) [18] . Reference [19] . ' Calculated from the separated atom ( P, + 'So) limit and the values of D, .
Calculated from r,(1"). ' [18, 19] . Resolution of this discrepancy would be an integral part of this experiment.
Mercury dimer production
Mercury dimers will be produced in a pulsed supersonic jet source. The dimer beam is on the X axis (cf. Fig. 1 ) and is collimated to a 600-p, m diameter. Supersonic jet sources have been run with pure Hg [20] and various carrier gases [18, 19, 21, 22) . Using Xe as a carrier gas minimizes the dimer velocity, which in turn maximizes the parameter g of Eq. (16) (cf. Sec. IV A 6). Dimer concentration, as well as other beam characteristics, depend on the Hg vapor pressure, the ratio of carrier gas to Hg pressure, the oven temperature, and the nozzle shape [22] . Under the same conditions of temperature and pressure, dimer concentration increases significantly when the higher mass Ar rather than He is the carrier gas [19] .Xe will also be very effective in this regard [23, 24] .
Operating conditions ultimately have to be optimized experimentally, but good estimates of the operating parameters for the pulsed Hg2 supersonic beam source can be obtained by following prescriptions given in the review article by Miller [25] .Based on the analysis provided by Miller and the data from Table I , we estimate that 5 -10 % of the beam will be dimers (nz = 0.05), which is also in good agreement with the work of Ng [23] .
Source temperatures of =630 K should be especially favorable for the production of Hg2 dimers in a supersonic beam. In general, pulsed supersonic nozzle sources have been limited to temperatures below 475 K because of the elastomers used to make a vacuum-tight nozzle seal [26] .
However, a source operating at temperatures to 740 K has been constructed by using KAPTON to seal the nozzle [27] . It is, of course, not essential to have an absolutely vacuumtight seal. The pulse duration will be =100 msec [28] , and the corresponding length of the pulse of atoms for Vp=412 m/sec is =4 cm. The electronic ground state of ' Hg2 is the symmetric 'X+ state. Its total electron spin angular momentum is zero; therefore, its total angular momentum J (including spin) is J=N. Since the electronic wave function is symmetric, to obtain an overall antisymmetric wave function, the combination of rotational and nuclear spin states must be antisymmetric. Specifically, in the ground electronic state, nuclear spin singlet states are associated with even-J, and triplet states with odd-J, rotational levels [29] .
The electronic excited state is the antisymmetric X"+(I, ) state. It is a triplet state, and therefore its total angular momentum J is given by J=N, ¹ 1. Since the electronic wave function is antisymmetric, the combination
Mercury dimer rotational populations
Rotational temperatures in a supersonic beam are difficult to predict. However, van Zee, Blankespoor, and Zwier [18] measured a rotational temperature of 3.5 K for Hg2 dimers in a Hg expansion with Ar as the carrier gas at a source temperature of =400 K. For present estimates we will also take a rotational temperature of 3. of rotational and nuclear spin states must be symmetric. Specifically, in this state, the nuclear spin singlet states are associated with the odd-N levels, and the nuclear triplet states with the even Nlevels - [29] . Since the selection rule for the rotational quantum number is that N in the ground state can only differ from N in the excited state by~1, and since transitions between antisymmetric and symmetric rotational levels are strongly forbidden, it is the change in the symmetry behavior between the rotational levels in the two electronic states that allows transitions between these electronic states of the ' Hg2 dimer.
where D, =Do is the dissociation energy, J is the rotational state of the ground state to be dissociated, B, is the rotational constant, I is the mass of a ' Hg atom, and v& and p2 are the frequencies of the 266-nm and the 355-nm photons, respectively.
The radiation at 266 nm can be produced by third harmonic generation (THG) of the 798-nm output of a pulsed (120-nsec) Alexandrite la'ser operating on a single longitudinal mode. Nonlinear mixing is accomplished in two steps: first, the second harmonic is generated in a lithium triborate (LBO) crystal that is phase matched for type I at 31.9', second, this doubled frequency radiation is sum frequency mixed with the fundamental radiation in a P-barium borate (BBO) crystal that is phase matched for type I at 44. 4'. The dissociation radiation at =350 nm can be produced by an excimer-pumped dye laser operating with the dyes BMQ or RDC360.
Hg2 dissociation
Dissociation is accomplished via a stimulated Raman transition (see Fig. 2 ). First a laser system at 266 nm drives the P (10) Since on-resonant transitions will be used in both steps of the Raman process, dissociation rates can be estimated by using resonant excitation and stimulated emission pumping rates together with a rate equation approach (as will be used in Sec. IV B 2). Unfortunately [18, 19] .
Similarly, for the stimulated emission at 355 nm, large transition probabilities will be obtained for relatively small pulse energies. Since the same two electronic states are involved, the electronic transition moment is as large as before. The critical issue is the Franck-Condon factors and their interference structure for these bound-free transitions [32, 33] .
Although these have not yet been calculated, the results in Fig. 2 indicate that they will have maximal values. In particular, the "Mulliken difference potential" intersects our final state, i.e. , the unbound energy level of X'X at 9400 cm '. These intersection points are classical transition points, where both the nuclear momenta and the nuclear positions are conserved during the transition. Thus, they are points of stationary phase, and their contribution to the integrals for the Franck-Condon factors will be appreciable.
The three different naturally occurring isotopomers of dimer mass 398 (i.e., the possible combinations Hg Hg, ' Hg Hg, and ' Hg2) are also spectroscopically differentiated in the corresponding subband of the 58-0 band. In the excitation step at 266 nm the calculation of the shifts in the transition frequencies between these isotopomers is straightforward [34] . For v=58, the shifts are dominated by the changes in co, ' and co, 'x, ' P (10) P(1 I) P (11) ground state must also have even J and hence zero total nuclear spin. Specifically, the final state J differs from the initial state J by 0,~2 . The fact that these transitions are electronic singlet-triplet intercombination lines does not alter this conclusion since N must still change by~1 in each transition [29] .The P(10) transition is particularly favorable, both because the rotational state population has a peak at 1=10 (as discussed in Sec. IV A 3) and because it is well resolved. 4 As shown in the total spectrum (bottom) the P (10) tions to P(10) of ' Hg2 is P(9) of ' Hg Hg, which is separated by =600 MHz. This is much greater than both the laser linewidth and the natural linewidth. The latter depends on the vibrational state and is given by the spontaneous transition probabilities.
Even for the largest of these, A =7.6X 10 sec ' [30, 31] , the natural linewidth is only 1.2 MHz; i.e. , it is much less than the frequency separation of adjacent transitions. In any event, Hg atoms from these other isotopomers would be ignored by the detection system due to both frequency mismatch (Sec. IV B 1) and time of fiight (Sec. IV A 6). Figure 3 shows a simulated rovibrational spectrum for the 58-0 band of the DsX"+~X'X+ transition for the two mass 398 isotopomers, ' Hg2 and ' Hg Hg: natural abundance is assumed. Because of the large frequency shift for the Hg Hg isotopomer, none of its transitions is within the range of the plot; in addition, on the scale of this plot, their intensity would be vanishingly small because of the low abundance of this isotopomer. Only R and P branches are shown since the splitting constants for the three J values corresponding to each N cannot be determined from existing data [18, 19] . For the simulations a rotational temperature of 3.S K and a laser linewidth of 60 MHz were assumed. The simulations show the 3:1 transition intensity alternation due to the spin statistics of the corresponding rotational levels for the ' Hg2 dimer (cf. Sec. IVA4).
In summary, for a test of the Bell inequality, Eq. (14), the dissociating dimers must have total nuclear spin I=O, a nuclear spin singlet state. Based on the discussion in Sec. For the dissociation process the 3SS-nm laser beam has a diameter of 1.5 mm and is incident along the Z axis (Fig. 1) Monte-Carlo simulations were used to evaluate g as a function of the size of the dissociation volume. A brief discussion of the parameters that were used follows: (i) The dissociation region is cylindrical with a length of 1.5 mm and radius r.
(ii) The density of dissociating dimers is uniform throughout the source volume.
(iii) For simplicity, the velocity distribution of dissociating dimers is assumed to be Gaussian with FWHM=3 m/sec and mean V0= 412 I/sec.
(iv) For J = 10, the angular distribution of the dissociating fragments in the c.m. is given by a 12 cos 0+10 cos 0 distribution [35] . It should be noted, however, that for the small solid angles relevant to a practical experiment, the differences in the value of the conditional probability g for pure cos 0', cos 0, or uniform distributions are negligible; they only affect the magnitude of the overall count rate. Therefore, uniform fragment distributions were assumed in the Monte Carlo simulations. (27) where I" 3 is in cm . This is a very large cross section, but it is consistent with measured cross sections for analogous transitions in Cd [47] . If we assume that the laser linewidth (&I'3, the cross section will be nearly constant (o. ,") over the linewidth, and the transition probability per unit time R23 is then [48] The dashed curve shows the fraction of ' Hg atoms ionized for case I, assuming a detuning of the first laser by 22 6Hz from resonance. This corresponds to the unwanted process that would lead to the loss of spin-state resolution. For clarity, these data were multiplied to 100. For case II the dashed curve would be zero because of the selection rules. Laser intensities are as in (a).
to level 3 are assumed to ionize (and leave the system). These equations are solved, assuming for simplicity that the time dependence of the intensities of the exciting and ionizing radiation are rectangular and turned on at t = 0 [49] . Since high ionization efficiency is so important, it is necessary to check the ionization probability in the (6p )3Po state. Specifically, the (6p ) Po state can either radiate or autoionize [50] . This could have been included in the rate equations, but we shall see that radiative effects are negligible. Radiative decay is to (6s6p) P', and (6s6p) 'P', . De- cays to all other states are negligible; they are either forbidden (J=O+1=0,2) or have configurations that would require at least two electron jumps. The ratio of the oscillator strengths for decay to P', versus decay to 'PI is 63 [40] .
Hence, most radiative decays are to P', , Neglecting decay to 'P', , the radiative lifetime (in terms of the oscillator strength f23) is [51, 52] The adiabatic passage pumping scheme for a three-level system should also be examined since it has been shown to yield a 100% population transfer from the initial to the final level while avoiding any population of the intermediate level [53, 54] . This pumping scheme is often referred to as "coun- The requirement of such a pumping scheme is that the Rabi frequencies of the transitions are of the same order as the corresponding widths of the levels. Since the width of the final level is very broad because of the fast autoionization, the coherence between the intermediate and the final levels immediately decays, so that the adiabatic pumping scheme is not effective. Very large Rabi frequencies, i.e. , on the order of the width of the autoionizing level, would be required to overcome this decay of coherence. On the other hand, large Rabi frequencies would also involve a mixing between the F = -, ' and -, ' levels of the (6s6p) P', state since the final level is much broader than the 22-GHz separation of these two hyperfine levels. Hence, ground-state atoms with either component of spin would be excited.
In case I, they would all be ionized and the resolution of the spin state would be completely lost; this is, of course, a crucial point of the experiment. In case II, however, as a result of the selection rule 5mz = 0 on the (6s6p)6 Pi~(6p ) Po transition, only one spin state is ionized; the other spin state is excited to an mF=~-, ' sublevel that is not accessed. Thus in case II the resolution of the spin state would still be maintained.
Nevertheless, the counterintuitive pumping scheme cannot be applied in this experiment, since the anticipated laser intensities are insufficient to achieve the required Rabi frequencies. Even if such intensities were available, practical considerations such as multiphoton ionization of residual gas, photoelectric effects, etc. , would make such an approach undesirable.
The degree of ionization was calculated for the previously stated intensities (g, = 1 X 10 W cm Hz Iq=1X10+ Wcm ) as a function of the delay time between the first (g&) and second pulse (I2). The calculations involved the numerical solution of the corresponding master equations assuming Fourier-transform-limited Gaussian pulses of 8 nsec FWHM duration using a Runge-Kutta algorithm with adaptive step size. As shown in Fig. 8(b) , a maximum of 99.5% of the population is transferred to the autoionizing level when the first pulse (253.7 nm) precedes the second pulse (197.3 nm) by 2 nsec. This pulse sequence is opposite the counterintuitive pumping scheme [i.e., negative delay times in Fig. 8(b It should be noted that several investigators have used photoionization for Hg detection [55] , isotope selection [56] , and isomer selection [57] . Two of these tried to take advantage of a broad autoionizing state [55, 57] , but the oscillator strengths for their transitions to it were so small as to negate any benefits. The proposed scheme (and several variants that increase selectivity) is orders of magnitude more sensitive and will be valuable in these and similar applications.
Detection lasers
The detection volume is defined by its 0.15-cm depth and the area of the 4-cm-diam aperture. Lasers at wavelengths 253.7 and 197.3 nm must simultaneously illuminate the entire detection volume. This is achieved by collimating the lasers to a rectangular beam of cross-sectional area 0.15 cmX4.0 em=0. 6 cm .
For the excitation laser at 253.7 nm, there are several possibilities; as an example, it can be the frequency-tripled output of a Ti:sapphire laser operating at 761.1 nm. Output energies of =100 mJ at the fundamental can easily be achieved. Employing the same crystals and tripling scheme as described in Sec. IV A 5, we can obtain greater than 1 mJ at 253.7 nm in =8 nsec pulses with a bandwidth of =0.01 cm ' -= 0.3 GHz. This bandwidth completely resolves the hyperfine splitting (22 GHz) of 6 P', . The resulting spectral intensity is )6X 10 W cm Hz ', which is a factor of 60 larger than the intensity g~t hat is required.
The radiation at 197.3 nm can be obtained by using BBO to frequency sum the fourth harmonic (266 nm) of a Nd: YAG (neodymium-doped yttrium aluminum garnet) laser with the fundamental of a Hash-lamp -pumped Ti:sapphire laser tuned to 764 nm. In fact this Ti:sapphire can be the same as that used for generating the 253.7-nm radiation, as the Ti:sapphire laser can be injection seeded simultaneously with two lasers diodes. Not only does this provide the two wavelengths as single longitudinal mode outputs, but also the diode seed lasers make it easy to tune the outputs and lock them to the Hg transitions.
Previously, Glab and Hessler mixed the fundamental output of a dye laser with its second harmonic in BBO [58] .
With pulse energies of 5 mJ and power densities of 50 MW cm, they observed an efficiency of =20% for wavelengths down to 199 nm. The efficiency then dropped sharply, and the shortest wavelength they generated was 197.4 nm. The drop was due to the decrease in the nonlinear optical constants when the phase-matching angle approached 90'. Others obtained wavelengths as short as 195.3 nm by cooling the BBO crystal [59] . The phase-matching angle of 90' occurs at a shorter wavelength if the wavelengths for the frequency summing process are more widely separated. By using two different dye lasers, wavelengths down to 188.9
nm have been obtained [60] . [58] . With this phasematching angle, conversion efficiencies of =20% (compa- rable to that of Glab and Hessler) will be observed, and the output power at 197.3 nm will be~6 mJ in an 8-nsec pulse.
As before, this will be focused into an area 0.15 cmX4. 0 em=0. 6 Sufficient laser power can clearly be generated to saturate the resonant two-step ionization process. Intensities will, in fact, be reduced to the extent possible while maintaining greater than 99% ionization. The relatively low power requirement for the second transition is a consequence of the extremely large cross section for excitation of the autoionizing state, and is important since it virtually eliminates multiphoton ionization of residual gas that could produce backgrounds.
Detection efficiency and background
For 300-eV electrons, the efficiency of cone-input Channeltrons is )90% [62] and may reach 98% [63] . For highmass ions accelerated to = 3 keV, the efficiency of cone-iput Channeltrons is )50% [64] and may reach 90% [65] .An ion can also be detected by accelerating it into a metal electrode to produce a burst of electrons. These, in turn, are accelerated into a scintillator to produce a burst of photons that are observed with a photomultiplier tube [66, 67] . For ion energies~1 5 keV, the ion detection probability is )90% [66] .
Both the Hg+ ion and its photoelectron will be observed, and we will assume that a Hg atom has been observed if N, = y, N N;= yLN, , N, = y;g, N (32) where N" is the overall number of atoms entering a detector, and N, , N;, and N, are the count rates for electrons, ions, and electron-ion coincidences, respectively. The electron and ion detector efficiencies are g; and y, , respectively. Equations (32) can easily be solved for these efficiencies, yielding N,
Thus, the ion and electron detector efficiencies rg; and g, can be directly measured and continuously monitored throughout all data acquisition. The inherent determination of the detector efficiencies is one of the important and outstanding features of this experiment.
The efficiency measurements for ion and electron detectors (including Channeltrons) will also be of considerable technical interest in their own right. They will provide absolute efficiency measurements that are not encumbered by the usual errors associated with determining the absolute source intensity and geometry.
either the electron or the ion detector gives an output pulse. [68] .
Of course, it is essential to eliminate background signals due to stray electrons and ions. Thus, all high-voltage electrodes must be appropriately treated to suppress field emission, and a cryopumped vacuum of better than 10 Torr must be maintained. The relatively low power densities of the uv detection lasers are also critical to the elimination of background charge-particle sources. Construction materials must be selected and cleaned to eliminate emission of photoelectrons by the uv lasers.
Since there is a one-to-one correspondence between a Hg+ ion and its photoelectron, we can compare singles rates and coincidence rates between ion and electron detectors to obtain the absolute overall detection efficiency of both the ion detector and the electron detector [69] .The relations between the count rates and the detector efficiencies are $z determined in a completely independent measurement by using linear rather than circular polarized 253.7-nm radiation; in this case gg is the ratio of the coincidence rate to the singles rate, both of which are independent of O& and O2. With the aforementioned or detection scheme the overall detector efficiency zt in Eqs. (11) - (13) is related to the detection efficiencies y; and y, by (34) Thus the absolute detection efficiency for both atoms can be determined in this way. The two detectors do not have to have exactly the same detection efficiency in order to test the strong Bell inequality; Eqs. (11) - (13) can easily be formulated for two detectors with different efficiencies and solid angles. The conditional probability g is measured by observing that the ratio of Eqs. (11) and (13) Einstein locality cari also be rigorously enforced in this analysis scheme. Specifically, as indicated in Fig. 9 (38) where D, and r, are given in Table I . The background pressure is =10 Torr. Thus, we have X =10 cm&)50 cm, and collisions on the flight path will be negligible. After dissociation, Hg atoms must also exit the atomic beam environment, a distance of (0.06 cm. 
